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This study aimed at evaluating the expression of the mRNA of avian uncoupling protein
(avUCP), of adenine nucleotide translocase (ANT), and of cytochrome c oxidase subunit III
(COX III), as well as the performance of broilers fed diets containing two sources and two
levels of industrial methionine. Broilers between 22 and 42 days of age were distributed
into ﬁve treatments (basal diet, supplementation of 0.08% DL-methionine, 0.24% of
DL-methionine, 0.11% of MHA-FA and 0.33% of MHA-FA). At the end of the experimental
period, birds were sacriﬁced by neck dislocation and their liver and breast muscle were
collected for total RNA extraction. The cDNA was ampliﬁed using primers speciﬁc for the
target genes, and expression was analyzed using the real-time polymerase reaction (qRT-
PCR). Methionine supplementation promoted better performance, with the second level
(0.24%) of DL-methionine promoting the best results for weight gain. The mRNA avUCP
concentration was signiﬁcantly lower in the muscle of birds fed methionine-
supplemented diets, independently of source or level. The highest mRNA avUCP
expression was obtained with the basal diet, which also resulted in the worst feed
efﬁciency. The expression of mRNA avUCP in the liver and of mRNA COX III and mRNA
ANT in the liver and in the muscle was not inﬂuenced by methionine supplementation.
Methionine supplementation promotes better broiler performance, and the most
efﬁcient birds were fed second level of supplementation of both sources, part of these
results may be due to the lower expression of avUCP mRNA in the muscle, which was
also lower in birds fed diets with higher amounts of methionine.
& 2012 Elsevier B.V.Open access under the Elsevier OA license.1. Introduction
Genetic evolution is indubitably one of the main
factors responsible for the advances in broiler production,
particularly in relation to feed conversion ratio. Feed cost
accounts for a signiﬁcant proportion of animal productionde Maringa´—av.
4 3011 4919;
l Vesco).
lsevier OA license.costs, making feed efﬁciency increasingly important and
object of many recent studies (Lassiter et al., 2006).
Growth rate depends on feed efﬁciency, as well as
muscle accretion. The efﬁciency of an animal converting
feed into muscle is related to his efﬁciency in producing
energy. Studies have shown that broilers that produce less
ATP, due to a lower efﬁciency of their mitochondria in
producing ATP from substrates, presented worse feed
efﬁciency (Bottje and Carstens, 2009). The efﬁciency in
energy production depends not only on the perfect
coordination among the complexes of the respiratory
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protect mitochondria against the damage by products
generated during ATP production.
Considering that methionine is associated to broiler
performance (Kauomar et al., 2011; Waldroup et al.,
2006), and that it is also required by the synthesis of
glutathione, potent mitochondrial and cell antioxidant
(Grifﬁth and Meister, 1985), further studies are needed
to better understand how the supplementation of that
amino acid may inﬂuence the expression of the genes
involved in energy production in mitochondria. Some
important proteins were involved in the process of ATP
production by the mitochondria: uncoupling protein
(avUCP), adenine nucleotide translocase (ANT) and cyto-
chrome c oxidase subunit III (COX III). Several researchers
demonstrated the relationship between the expression of
genes encoding those proteins with feed efﬁciency in
poultry (Bottje et al., 2009; Ojano-Dirain et al., 2007).
Another aspect that should be taken into consideration
is the source of methionine that will be supplemented in
the diet, because different sources present different avail-
ability and bioefﬁcacy, resulting in different bird perfor-
mance (Lemme et al., 2002; Payne et al., 2006). The two
main commercial methionine sources currently used in
broiler feeds are DL-methionine (99%) and methionine
hydroxy analogue-free acid (MHA-FA, 88%).
The search for increasingly efﬁcient animals clearly
requires knowing how the nutrients available in the diets
affect the expression pattern of genes involved in the
processes of cell energy production, which are partially
responsible for the feed efﬁciency observed. Therefore,
the present study aimed at evaluating the mRNA expres-
sion of avUCP, mRNA COX III, and mRNA ANT in muscle
and liver of broilers fed diets containing two sources and
two levels of methionine supplementation.
2. Material and methods
Day-old male Cobb 500 slow broilers were obtained
from a commercial hatchery, vaccinated against Marek’s
disease and infectious bursal disease, and sexed by the
wing feathers. During the starter period (1–21 days of
age), birds were housed in a conventional poultry houses
and reared under the same experimental conditions.
At 22 days of age, birds were distributed to the
treatments according to a completely randomized experi-
mental design in a 22 factorial arrangement (two
sources and two methionine levels), with a use of a basal
diet (control) with no synthetic methionine addition,
totaling ﬁve treatments. The treatments consisted of a
basal diet, ﬁrst level of (0.08%) DL-methionine supplemen-
tation (DL1), second level (0.24%) of DL-methionine
supplementation (DL2), ﬁrst level (0.11%) of MHA-FA
supplementation (MHA-FA1), and second level (0.33%) of
MHA-FA supplementation (MHA-FA2), with ﬁve repli-
cates of 30 birds each, totaling 750 birds.
The experimental diets (Table 1) were based on corn,
soybean meal, and meat meal, and formulated according
to the recommendations of National Research Council
(1994). The ratios of all amino acids to lysine were
increased in 5% in order to prevent any limitation of theremaining essential amino acids. During the experimental
period, birds were offered feed and water ad libitum.
In order to determine weight gain, all birds were
weighed in the beginning (22 days) and end (42 days) of
the experimental period. Feed intake was calculated as
the difference between the amount of feed offered and the
feed residue at the end of the trial. Feed conversion ratio
was calculated by dividing feed intake by weight gain, and
corrected for mortality.
At the end of the experimental period, ﬁve birds
per treatment were sacriﬁced by neck dislocation and
samples of the liver and breast muscle (Pectoralis super-
ﬁcialis) were collected and stored in RNA Holders (BioA-
gency Biotecnologia, Brasil) at 20 1C until total RNA
extraction.
Total RNA was extracted using the reagent Trizols
(Invitrogen, Carlsbad CA, USA), according to the manufac-
turer’s instructions, at a ratio of 1 mL for every 100 mg
tissue. All utilized materials were previously treated with
an RNase inhibitor (RNase AWAYs, Invitrogen, Carlsbad,
CA, USA). Tissue specimens with Trizol were ground using
an electric homogenizer Polytron until their complete
dissociation, after which 200 uL chloroform was added,
and then the samples were manually homogenized for
1 min. Samples were then centrifuged for 15 min at
12,000 rpm and 4 1C, the liquid phase was collected and
transferred to a clean tube. The RNA precipitated from the
aqueous phase by mixing with 500 mL isopropanol. The
samples were centrifuged for 15 min at 12,000 rpm and
4 1C. The supernatant was discarded, and the precipitate
was washed in 1 mL ethanol at 75%. The material was
again centrifuged for 5 min at 12,000 rpm, and the super-
natant was discarded. The pellet was dried for 15 min and
then resuspended in RNAase-free ultrapure water.
Total RNA concentration was measured using a spec-
trophotometer at 260 nm wave length. The integrity of
the RNA was evaluated in a 1% agarose gel in the presence
of 0.5 mg/mL ethidium bromide and visualized with ultra-
violet light. RNA samples were treated with DNase I
(Invitrogen, Carlsbad, CA, USA) for the removal of possible
genomic DNA residues, according to the manufacturer’s
recommendations.
Complementary DNA (cDNA) was prepared using the
SuperScriptTM First-Strand Synthesis Super Mix kit (Invi-
trogen corporation, Brazil) using the manufacturer’s
instructions. The cDNA mixture contained 6 mL total
RNA, 1 mL oligo (dT: 50 uM oligo (dT)20) and 1 mL anneal-
ing standard. The reaction was incubated for 5 min at
65 1C and then placed on ice for 1 min. Subsequently,
10 mL of the solution 2 First-Strand Reaction Mix and
2 mL of the solution containing the enzyme reverse
transcriptase SuperScript III and RNAase inhibitor were
added. The solution was incubated for 50 min at 50 1C to
allow complementary DNA to be synthesized. The reac-
tion was then incubated for 5 min at 85 1C and placed on
ice immediately after. Samples were stored at 20 1C
until analysis.
Real-time PCR reaction used the ﬂuorescent dye SYBR
GREEN (SYBRs GREEN PCR Master Mix, Applied Biosys-
tems, USA). RT-PCR analyses were performed in the appa-
ratus StepOnePlus v.2.2 (Applied Biosystems, Carlsbad, CA,
Table 2
qRT-PCR primers.
Gene Amplicom (bp) GenBank access number Primers sequence (50–30)
avUCP 41 AB088685 GCAGCGGCAGATGAGCTT
COX III 71 NP_006921 AGGATTCTATTTCACAGCCCTACAAG
ANT 67 AB088686 TGTGGCTGGTGTGGTTTCCTA
b-actin 136 L08165 ACCCCAAAGCCAACAGA
Table 1
Experimental diets centesimal composition (expressed as-fed basis).
Ingredients Control DL1 DL2 MHA-FA1 MHA-FA2a
Experimental diets
Corn 7.8% CP 45.51 45.51 45.51 45.51 45.51
Sorghum 8.0% CP 20.00 20.00 20.00 20.00 20.00
Soybean meal 46.7% CP 24.00 24.00 24.00 24.00 24.00
Meat meal 46% CP 4.50 4.50 4.50 4.50 4.50
Vı´scera ﬂour 59% CP 2.00 2.00 2.00 2.00 2.00
Soy oil 2.80 2.80 2.80 2.80 2.80
DLM 99% 0.00 0.08 0.24 0.00 0.00
MHA-FA 88% 0.00 0.00 0.00 0.11 0.33
L-lysine HCl 78% 0.17 0.17 0.17 0.17 0.17
L-treonine 78% 0.08 0.08 0.08 0.08 0.08
Salt 0.34 0.34 0.34 0.34 0.34
Calcareous 38% 0.36 0.36 0.36 0.36 0.36
Inerte (caolin) 0.45 0.45 0.45 0.45 0.45
Premixb 0.40 0.40 0.40 0.40 0.40
Total 100.60 100.70 100.90 100.70 100.90
Composition analysisc(%)
CP 19.60 19.60 19.60 19.60 19.60
Lysine digestible 1.00 1.00 1.00 1.00 1.00
MetþCis digestible 0.52 0.59 0.75 0.59 0.75
Treonine digestible 0.68 0.68 0.68 0.68 0.68
Triptophane digestible 0.19 0.19 0.19 0.19 0.19
Valine digestible 0.79 0.79 0.79 0.79 0.79
Isoleucine digestible 0.69 0.69 0.69 0.69 0.69
Arginine digestible 1.13 1.13 1.13 1.13 1.13
Composition calculated (%)
Ca 0.74 0.74 0.74 0.74 0.74
P 0.38 0.38 0.38 0.38 0.38
Na 0.19 0.19 0.19 0.19 0.19
AME (kcal/kg) 3150 3150 3150 3150 3150
a Control diet (no methionine supplementation); DL1: 0.08% of DL-methionine supplementation; DL2: 0.24% of DL-methionine; MHA-FA1: 0.11% of
MHA-FA; and MHA-FA2: 0.33% of MHA-FA.
b Supplied by kilogram of diet: retinyl-acetate, 3.44 mg; cholecalciferol, 50 mg; DL-a-tocopherol, 15 mg; thiamine, 1.63 mg; riboﬂavin, 4.9 mg;
pyridoxine, 3.26 mg; cyanocobalamin, 12 mg; D-pantothenic acid, 9.8 mg; D-biotin, 0.1 mg; menadione, 2.4 mg; folic acid, 0.82 mg; niacinamide, 35 mg;
selenium, 0.2 mg; iron, 35 mg; copper, 8 mg; manganese, 60 mg; Zn, 50 mg; I, 1 mg; choline: 650 mg; salinomycin: 60 mg; avilamycin: 5 mg; butyl
hydroxy toluene, 80 mg. The digestibility coefﬁcient from National Research Council (1994) was used to obtain digestible amino acids. AME: apparent
metabolizable energy.
c Amino acids, crude protein and dry matter as analyzed by Evonik Degussa (Hanau, Germany).
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conditions and were normalized by the signal of a passive
reference dye (ROX Reference Dye, Invitrogen, Carlsbad, CA,
USA) to correct reading ﬂuctuations caused by volume
variations and evaporation during the reaction.
The primers used in the reactions were designed
according to Ojano-Dirain et al. (2007) (Table 2). Two
endogenous controls, the genes of b-actin and GAPDH
(GenBank accession number L08165 and NM_204305,
respectively), were tested. Based on both the expression
stability and expression levels, the b-actin gene was
determined to be the best reference gene for normal-
ization of quantitative real-time PCR analysis. A negativecontrol (no-template control) was also carried out for
every reaction. All analyses were carried out at a volume
of 25 mL and in duplicate. The dissociation curves were
analyzed to check for any presence of unspeciﬁc products
or the formation of primers dimmers.
The method 2DCT was used for the analyses of
relative quantiﬁcation. The Bayesian Inference method
was used for the statistical analysis. The resistance (Yi)
normal distribution YiNormal (mi, s2i ), i¼1, 2, y, nj, j:
treatments was considered that. For each mi and s2i non-
informative a priori probability distributions, miNormal
(0.106) and s2i Gamma (103, 103), respectively,
were considered. Multiple comparisons were performed
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whose credibility intervals for the mean differences do not
include the value zero were considered as different at the
5% level of signiﬁcance. The marginal posteriori distribu-
tions for all parameters were obtained, by the Brugs
program package. Markov Chain Monte Carlo (MCMC)
processes 110,000 values, and assuming that there were
10,000 initial values of sampling disposal period, ﬁnal
sample contained 100,000 values. Chains convergence was
checked by package CODA R by Heidelberger and Welch
(1983) criterion.Table 3
Performance of broilers in the period of 22–42 days of age.
Body weight 22 days (g) Body weight 42 days (g)
Control 987714.28 2597734.70
DL1 976714.07 2769732.94
DL2 975713.21 2802727.83
MHA-FA1 969714.77 2692730.12
MHA-FA2 969713.86 2747729.96
n Weight gain and feed conversion in broilers fed control diet or two sour
posteriori and standard deviation. Different letters represent statistical differen
Table 4
Posteriori distributions estimative of contrasts among treatments in the muscle
Contrast Average Standard devia
avUCP D1 0.21 0.14
D2 0.30n 0.10
D3 0.25n 0.11
D4 0.27n 0.10
D5 0.09 0.10
D6 0.05 0.05
D7 0.03 0.03
D8 0.03 0.11
D9 0.06 0.10
D10 0.02 0.05
WG D1 183.60n 37.27
D2 217.10n 53.81
D3 113.60n 54.65
D4 168.10n 49.63
D5 33.56n 51.02
D6 69.98 51.84
D7 15.48 46.57
D8 103.5n 64.62
D9 49.04n 60.53
D10 54.51 61.12
FC D1 0.19n 0.02
D2 0.30n 0.02
D3 0.15n 0.03
D4 0.25n 0.03
D5 0.10n 0.02
D6 0.03 0.02
D7 0.06n 0.03
D8 0.14n 0.03
D9 0.04 0.03
D10 0.10n 0.03
D1¼contrast between control diet and DL1, D2¼contrast between control diet
between control diet and MHA-FA2, D5¼contrast between DL1 and DL2, D6¼co
FA2, D8¼contrast between DL2 and MHA-FA1, D9¼contrast between DL2 and M
n Statistical signiﬁcant difference 5%.3. Results
Methionine supplementation signiﬁcantly improved
weight gain and feed conversion ratio, and the best weight
gain results were obtained by the broilers fed the second
level (0.24%) of DL-methionine supplementation. The best
feed conversion ratio results were observed in the broilers
fed a diet containing the second level of DL-methionine
(1.58 g/g) and of MHA-FA (1.62 g/g); however, there were
no statistical differences between methionine sources
within the same supplementation level (Table 3).Weight gainn(g) Feed conversionn (g/g) Mortality (%)
1610729c 1.8870.02a 1.3070.04
1793723b 1.6870.01b 1.2870.02
1827745a 1.5870.02c 1.0370.03
1723746b 1.7370.03b 1.1570.03
1778740b 1.6270.01c 1.1970.01
ces and two concentrations of methionine diets. Results are averages a
ces with 95% credibility interval.
avUCP gene expression (AU), weight gain and feed conversion.
tion Median p2.5% p97.5%
0.21 0.04 0.46
0.30 0.09 0.50
0.25 0.02 0.47
0.27 0.06 0.47
0.09 0.24 0.06
0.05 0.16 0.06
0.03 0.09 0.03
0.03 0.14 0.22
0.06 0.09 0.21
0.02 0.08 0.13
183.50 257.90 109.90
217.90 320.40 110.00
114.70 213.20 9.42
168.50 263.90 68.40
34.50 130.10 67.90
68.81 23.12 168.90
14.80 75.48 109.10
103.2 19.33 227.30
49.22 70.09 167.30
54.09 172.30 60.40
0.19 0.14 0.24
0.30 0.24 0.35
0.15 0.09 0.21
0.25 0.19 0.32
0.10 0.05 0.15
0.03 0.09 0.01
0.06 0.001 0.12
0.14 0.20 0.08
0.04 0.10 0.02
0.10 0.03 0.17
and DL2, D3¼contrast between control diet and MHA-FA1, D4¼contrast
ntrast between DL1 and MHA-FA1, D7¼contrast between DL1 and MHA-
HA-FA2, D10¼contrast between MHA and MHA-FA1–FA2.
A.P. Del Vesco et al. / Livestock Science 151 (2013) 284–291288Quantitative RT-PCR was used to evaluate gene
expression patterns in liver and pectoralis muscle in
response to the different diets. The data was normalized
using the b-actin gene, the expression of which did not
change among the treatment groups.
Table 4 shows the values of the a posteriori contrasts
between the evaluated parameters relative to the mRNA
avUCP expression in the muscle, as well as to the weight
gain and feed conversion ratio. Based on 95% credibility
interval, avUCP expression in muscle and performance
parameters were signiﬁcantly different among treat-
ments. No statistical difference was observed among
treatments with regard to the expression of the COX III
and ANT genes in the muscle and liver.
There was no signiﬁcant effect of methionine supple-
mentation on the expression of mRNA avUCP in liver.
However, in the muscle, broilers fed the basal diet pre-
sented the highest expression of that gene. Broilers fed theFig. 1. mRNA avUCP expression in the liver (UCP-LI) and muscle (UCP-
MUS) of broilers fed control diet or two sources and two concentrations
of methionine diets. Results are averages a posteriori and standard
deviation represented by vertical bars. Different superscript letters
represent statistical differences with 95% credibility interval.
Fig. 2. Expression of mRNA ANT in the liver (ANT-LI) and muscle (ANT-
MUS) (A); and mRNA COX III (B) expression in the liver (COX-LI) and
muscle (COX-MUS) of broilers fed control diet or two sources and two
concentrations of methionine diets. Results are averages a posteriori and
standard deviation represented by vertical bars. Different superscript
letters represent statistical differences with 95% credibility interval.lowest level of methionine supplementation, as compared
to the second level, also tended to present higher mRNA
avUCP expression, 0.16 UA vs. 0.07 UA for DL-methionine,
and 0.12 UA vs. 0.10 UA for MHA-FA (Fig. 1).
The expression of mRNA COX III was higher than the
expression of the other evaluated genes. This is shown by
the values, expressed in arbitrary units, obtained for both
tissues. There was no effect of methionine supplementation
on the expression of that gene, despite its numerically
higher expression in birds that were fed the second
supplementation level of any of the methionine sources
(Fig. 2A).
As with the expression of mRNA COX III, the expres-
sion of mRNA ANT was not inﬂuenced by the treatments
evaluated in the present experiment (Fig. 2B).
4. Discussion
Energy production by the body is controlled by several
mechanisms, including genetic and nutritional factors.
Relative to the macro-ingredients of the feeds, protein
presents the highest oxidation rate, followed by carbohy-
drates and fat. Therefore, the protein composition of feeds
may have a signiﬁcant inﬂuence on broiler energy meta-
bolism and body composition (Collin et al., 2003).
Methionine supplementation is a nutritional factor
that may enhance animal performance parameters, such
as weight gain, feed efﬁciency, noble cuts yield, and egg
production and quality (Daskiran et al., 2009; Kauomar
et al., 2011; Waldroup et al., 2006). Therefore, the effects
of different supplementation sources of this essential
amino acid on poultry performance have been evaluated
(Jansman et al., 2003). In the present study, it was
observed that the supplementation of both evaluated
sources, DL-methionine and MHA-FA, signiﬁcantly
improved broiler weight gain, which is partially due to
the fact that methionine stimulates growth by means of
growth factors (Stubbs et al., 2002) and due to its
inﬂuence on protein synthesis (Kimball and Jefferson,
2006) and breakdown (Tesseraud et al., 2007). The best
weight gain result was observed for the birds fed the
second DL-methionine level (0.24%), and the differences
between the sources may have been due to the different
physical and chemical properties between these products
(Lemme et al., 2007).
Feed conversion ratio also improved with the second
supplementation level of both methionine sources,
thereby demonstrating a better efﬁciency of the broilers
fed that level. Reduced efﬁciency in converting feed into
body weight is associated, among other factors, to unba-
lanced diets or to the deﬁciency of a speciﬁc nutrient
(Collin et al., 2003).
Recent studies have shown that animals that are very
efﬁcient in converting feed into body weight may present
changes in the expression of genes of the electron-
transport chain, which may inﬂuence nutrient utilization
and body energy expenditure. Those studies suggest that
animals with a worse performance present failures in the
transport of electrons or protons, thereby reducing the
efﬁciency of ATP production by mitochondria, or higher
production of reactive-oxygen species (ROS), negatively
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2009; Iqbal et al., 2004; Krueger et al., 2008).
Uncoupling proteins (UCPs) are transporters present in
the inner membrane of mitochondria, diverting the
energy for ATP synthesis to heat production, which is
catalyzed by the leakage of protons through the mem-
brane (Ledesma et al., 2002). In poultry, avUCP has been
described as an agent that allows reducing the production
of ROS by causing a slight uncoupling in ATP production
(Abe et al., 2006). Despite the beneﬁcial effect of avUCP of
reducing damage to the DNA and cell proteins, as it
reduces the production of free radicals, a higher expres-
sion of mRNA UCP may worsen feed conversion ratio, as it
reduces ATP production (Ojano-Dirain et al., 2007;
Raimbault et al., 2001). In the present study, methionine
supplementation signiﬁcantly reduced mRNA avUCP
expression in the muscle, but it did not affect that
expression in the liver (Fig. 1). Similarly to animals
exposed to low temperatures (Dridi et al., 2008), the
expression of this gene seems also to be inﬂuenced by
the magnitude of supplementation, but this was not
possible to assert in the present experiment because of
the proposed treatments. If the difference between the
supplemented levels was higher, perhaps this effect could
emerge. The gene expression results were consistent with
those of feed efﬁciency (Table 3): the lowest level of
methionine supplementation promoted the lowest feed
efﬁciency, suggesting that avUCP may interfere in broiler
performance by increasing energy dissipation by mito-
chondrial oxidation (Dridi et al., 2004).
When methionine level is low in the diet, fat may
accumulate in the liver, which is related to ketonemia. Small
amounts of methionine may increase the hepatic ﬂow of
fatty acids via b-oxidation, which in turn increases total
body energy expenditure and promotes mitochondrial
uncoupling. The increase in the expression of mRNA UCP,
inﬂuenced by methionine restriction, is followed by a sharp
decrease in liver ATP levels in rats (Rizki et al., 2006).
According to Hasek et al. (2010), the increase in the expres-
sion of mRNA UCP, involved in lipid metabolism and in the
glucose cycle, suggests a mechanism of nutrient detection,
which compensates the dietary restriction of methionine
through the integrated effects of energy homeostasis.
According to Elshorbagy et al. (2011) methionine
restriction in rats decreases stearoyl-CoA desaturase gene
expression and activity suggesting decreased fatty acid
synthesis in liver. It can be that lower cysteine in rats fed
with methionine restriction is responsible for decreased
adiposity. The author’s results indicate that reduced
cysteine supply secondary to methionine restriction is
the major effect underlying the anti-obesity effects of
methionine restriction.
Considering the role of UCP in the metabolic rate and
in lipid metabolism, its lower expression in the skeletal
muscle may be associated with higher weight gain
(Kerner et al., 2001), which was observed in the present
experiment.
COX III is also present in the electron-transport chain
and it is related to the efﬁciency of oxidative phosphor-
ylation. Cytochrome c oxidase subunit III (COX III) is a
subunit of the protein complex IV of the mitochondrion,and it is responsible for proton pumping and electron
transport. COX III is very relevant for mitochondrial
energy efﬁciency (Schefﬂer, 1999) and a lower expression
of this gene may be due to lower cell efﬁciency or higher
oxidative damage caused by the production of ROS (Kemp
et al., 2003). Ojano-Dirain et al. (2007) observed that
poultry presenting low feed efﬁciency consistently have
high ROS production and protein oxidation, suggesting
that this may change the expression of genes. Mitochon-
dria presenting higher levels of carbonylated proteins also
present lower expression of mRNA COX III (Iqbal et al.,
2004). In addition, a reduction in the expression of this
gene may be related to the changes in the mitochondrial
oxidative capacity in older animals (Barazzoni et al.,
2000).
Despite the lack of inﬂuence of methionine supple-
mentation on the expression of mRNA COX III, it was
observed that broilers fed the second level of DL-methio-
nine (0.24%) were more efﬁcient in converting feed into
body weight (Table 3), and tended to show a higher
expression of this gene (Fig. 2). Feed efﬁciency may be
related not only with the expression of genes that encode
proteins of chain complexes, but also with those related
with the activity of these complexes. A lower activity of
the respiratory-chain complexes, including complex IV,
has been related with low feed efﬁciency (Iqbal et al.,
2004).
The mitochondria of rats fed a methionine-restricted
diet showed high oxidative phosphorylation, with an
increase in the activity of cytochrome oxidase (COX).
However, this higher activity was associated to a low
efﬁciency of oxidative phosphorylation (ATP/O, amount of
ATP production per amount of oxygen consumption).
These results indicate that the efﬁciency of mitochondrial
ATP synthesis in animals fed methionine-restricted diets
may be reduced due to the inefﬁciency of the proton
pump at the COX level, as well as to an increase in proton
leakage, although the relative contribution of each phe-
nomenon cannot be determined (Romestaing et al., 2008).
Another protein involved in the process of energy
synthesis is ANT (adenine nucleotide translocase), respon-
sible for the displacement of ADP from the cytosol to the
mitochondrion and by the displacement of ATP through
the inner mitochondrial membrane (Ojano-Dirain et al.,
2007). Therefore, the function of ANT is to increase the
amount of ADP to be transformed into ATP by the action
of ATP synthase. The mitochondrial function may be
impaired by the incapacity of ADP/ATP exchange between
the cytosol and the membrane, and hence, it is possible
that there is some link between the expression of ANT and
the expression of the feed efﬁciency phenotype (Bottje
et al., 2006). According to Ojano-Dirain et al. (2007),
broilers with lower ANT expression present worse feed
conversion ratio as a function of their lower ATP produc-
tion efﬁciency. In the present study, no inﬂuence of
methionine supplementation on the expression of that
gene was observed, not even an expression pattern among
treatments (Fig. 2).
Changes in the expression of subunits of the respira-
tory chain may represent a cell adaptive response to the
accumulation of mitochondrial protein and/or DNA
A.P. Del Vesco et al. / Livestock Science 151 (2013) 284–291290damage due to an increase in ROS (Nicoletti et al., 2005).
The coordination among the complexes of the respiratory
chain, which is required for efﬁcient energy production
and for animals with higher feed efﬁciency, demands
balanced amounts and activities among the complexes.
Any unbalance may cause electron leakage and ROS
generation.
In addition to inﬂuencing mitochondrial uncoupling,
methionine is involved in the mechanisms of defense
against free radicals, as it participated in the biosynthesis
of glutathione. The amount of available methionine in the
body is responsible for favoring remethylation or the
transsulfuration pathways. When body methionine status
is low, the remethylation pathway is favored, increasing
its availability to the body. On the other hand, higher
methionine status activates the transsulfuration pathway,
producing cysteine (Finkelstein, 1998), and hence, more
glutathione to ﬁght ROS. Higher methionine content is
also associated to higher amounts of glutathione perox-
idase and catalase, which are enzymes involved in the
ﬁght against oxidative stress (Romestaing et al., 2008).
5. Conclusion
Methionine supplementation promotes better broiler
performance, and the most efﬁcient birds were fed second
level of supplementation of both sources, part of these
results may be due to lower expression of avUCP mRNA in
the muscle, which was also lower in birds fed diets with
higher amounts of methionine. The effect of methionine
supplementation on the expression of mitochondrial
genes of broilers was not reported in literature to date,
and therefore, the results of the present study may be the
starting point of further studies.
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